The grain boundary segregation energies of Mg, Na, Ca, K and Sr at a symmetric tilt AE11ð1 "
Introduction
In aluminum alloys, the segregation of alkali and alkaline earth metals at grain boundaries has been discussed if it is a cause of grain boundary embrittlement. 112) In the work by Wert and Lumsden, utilizing Auger electron spectroscopy (AES), in an AlLiCuMgZr alloy containing both 35 ppm Na and 72 ppm K, only K was detected on the intergranular fracture surface and Na was not. 1) Horikawa et al. examined the grain boundary segregation in Al5 at% Mg base alloys containing 10 ppm Sr, Na or Ca using AES, and Sr and Ca were detected on the intergranular fracture surface. 2) Horikawa et al. concluded that the grain boundary embrittlement was caused by the segregation of Sr, Na and Ca. 2) However, Lynch claimed that the Na-rich particles had caused the embrittlement rather than the Na segregation at the grain boundary, based on detailed microscopic observation. 3) Kobayashi et al. showed that the grain boundary segregation of Na occurs in an AlLi base alloy containing 59 ppm Na using AES. 4) The first-principles simulation can provide to understand the mechanism of solute segregation and the bonding strength at grain boundaries in the atomic scale. 512) Liu et al. calculated the grain boundary segregation energy of Mg using first-principles calculation, and on the basis of Rice and Wang's thermodynamics theory, 13) they reported that the Mg segregation on the grain boundary decreased the grain boundary cohesion for AE11ð1 " 13Þ½110 tilt grain boundary in aluminum. 5) Lu et al. reported that the Na and Ca segregation caused the grain boundary embrittlement for AE9ð2 "
21Þ½110 grain boundary in aluminum on the basis of Rice and Wang's thermodynamics theory. 6, 7) Lu et al. also reported based on the first-principles calculation that the ideal tensile strength of the grain boundary was reduced with both Na and Ca grain boundary segregation. 7) The authors have studied the effect of Ca segregation on the grain boundary cohesion for aluminum AE11ð1 "
13Þ½110 grain boundary. 8) In this paper, the grain boundary segregation energies of Mg, Na, Ca, K and Sr were investigated at a symmetric tilt AE11ð1 "
13Þ½110 grain boundary in aluminum, using the firstprinciples calculation. The relationship between the grain boundary segregation energy and the volume size factor was examined to understand the role of elastic strain energy in the grain boundary segregation energy. Furthermore, on the basis of the RiceWang model, the authors studied the effect of the segregation of Mg, Na, Ca, K and Sr on the grain boundary embrittlement in aluminum.
Calculation Procedure
The first-principles calculations were performed using the Cambridge Serial Total Energy Package (CASTEP). 14) CASTEP is an ab initio pseudopotential method code for solving the electronic ground state of periodic systems with the wave functions expanded in a plane-wave basis set, using a technique based on the density functional theory (DFT). 15) The electronic exchangecorrelation energy was given by the generalized gradient approximation (GGA-PW91) of Perdew et al. 16) The authors used a norm-conserving Troulier Martins pseudopotential for Al. 17) Ultra-soft pseudopotentials were used for Ca, K and Sr and norm-conserving pseudopotentials were used for Mg and Na.
18) Cut-off energy for the plane-wave basis was 5.61 © 10 ¹17 J (350 eV) in all calculations.
The calculated AE11ð1 " 13Þ½110 symmetric tilt grain boundary was constructed using the coincidence site lattice (CSL) model. The grain boundary structure was modeled in a supercell that was repeated periodically in three dimensions to represent the extended solid. The supercell contained two grain boundaries in order to maintain the periodicity along the direction perpendicular to the boundary plane; a bicrystal was used in this study. When the AE11ð1 " 13Þ½110 tilt grain boundary breaks ideally, a ð1 " 13Þ free surface as a fracture surface is formed. Figure 1 shows a schematic of the supercells for bulk of pure Al ( Fig. 1(a) ), bicrystal of AE11ð1 "
13Þ½110 tilt grain boundaries of pure Al ( Fig. 1(b) ), slab containing ð1 " 13Þ free surfaces of pure Al ( Fig. 1(c) ), bulk of Al-based solid solution ( Fig. 1(d) ), bicrystal of AE11ð1 "
13Þ½110 tilt grain boundaries with segregated solute atoms ( Fig. 1(e) ) and slab containing ð1 " 13Þ free surfaces with segregated solute atoms ( Fig. 1(f ) ). The supercells shown in (a), (b), (c), (d), (e) and (f ) contain 88 Al atoms, 88 Al atoms, 64 Al atoms, 86 Al atoms with two solute X atoms, 86 Al atoms with 2 solute X atoms, and 62 Al atoms with 2 solute X atoms, respectively. The supercell size is twice lager than the one studied in Liu et al.'s work in [110] direction, although the geometry of the supercells is similar; the supercell of 88 atoms in this work and the supercell of 44 atoms in Liu et al.'s work for the grain boundary. 5) A solute X atom was substituted into the boundary plane and surface plane, and a symmetrical equivalent substitution was made at the other boundary plane and surface plane as shown in Figs. 1(e) and 1(f ). The segregation energy is the energy per atom required to exchange a solvent atom at the grain boundary or free surface with a solute atom in the bulk. In order to minimize computational errors, 2 solute X atoms were substituted in the 88-atoms bulk supercell that is of a similar size and geometry to the supercell containing grain boundaries and free surfaces.
In this study, the lattice parameters and atomic positions in the supercells of bulks, grain boundaries, and free surfaces were fully optimized. The stable atomic configurations were obtained through relaxation according to the Hellmann Feynman forces calculated from the first principles. The lattice parameters at zero pressure were also optimized using a BroydenFletcherGoldfarbShanno (BFGS) minimization algorithm with the stress calculations. 19) The convergence parameters were as follows: total energy tolerance 1.6 © 10 ¹24 J/atom, maximum force tolerance 4.8 © 10 ¹12 N, maximal stress component 0.05 GPa and maximal displacement 1 © 10 ¹4 nm. The segregation energy at a grain boundary and on a surface is much less than the total energies of supercells. Therefore, to obtain reliable values, the bulk, grain boundary, and free surface systems must be equally treated. For this reason, the same set of numerical parameters was used in the CASTEP calculation for the bulk, grain boundary, and free surface. The energy integration over a Brillouin zone was made with a k-point grid according to the MonkhorstPack set of 4 © 1 © 6 k-points. The calculated total energies, atomic configurations, and electronic structures were analyzed for the fully relaxed systems. E 88Al B is the total energy of the supercell for bulk of pure Al ( Fig. 1(a) ). E 88Al G is the total energy for grain boundaries of pure Al ( Fig. 1(b) ). E 64Al F is the total energy for free surfaces of pure Al ( Fig. 1(c) ). E 2Xþ86Al B is the total energy for bulk of AlX solid solution ( Fig. 1(d) ). E 2Xþ86Al G is the total energy for grain boundaries with segregated solute X atoms ( Fig. 1(e) ). E 2Xþ62Al F is the total energy for free surfaces with segregated solute X atoms ( Fig. 1(f ) ).
For studying the volume size factor, rhombohedral supercells containing 27 atoms were used. The supercells contained one solute X atom per cell. So, the supercells correspond to about 3.70 at% of solute X. The energy integration over a Brillouin zone was made with k-point grid according to the MonkhorstPack sets of 5 © 5 © 5 k-points. The total energy was minimized with respect to the atomic positions in the supercell and the lattice parameters of the supercell. The calculated volumes of the supercells were analyzed for the fully relaxed systems. The calculated volumes of the supercells of pure Al and AlX solid solution are ³ 27Al and ³ 1X+26Al , respectively.
Results and Discussions

Grain boundary segregation
The grain boundary segregation energy can be defined as the difference in total energy between the cell with one solute X atom being substituted at the boundary and the cell with one solute X atom in the bulk solid solution. The grain boundary segregation energy, ¦E b , was obtained by:
Þ=2 ð1Þ
in which the division by 2 accounts for the number of solute X atoms in the supercell. The grain boundary segregation energies, which are shown in Table 1 , are ¹6, ¹32, ¹35, ¹62 and ¹66 kJ/mol for Mg, Na, Ca, K and Sr, respectively. These negative values of the grain boundary segregation energies indicate that the solute atom prefers to occupy the AE11ð1 "
13Þ½110 grain boundary. The grain boundary segregation can be analyzed in the framework of basic statistical mechanics. The simplest model to describe the equilibrium segregation activity in materials was developed by McLean. 20) According to the basic assumptions: the equivalent sites of grain boundary segregation of a monatomic layer at the grain boundary plane and the ideal solution, i.e., non-interacting solutes, McLean treated the equilibrium grain boundary segregation problems on the basis of FermiDirac statistics with a constant segregation energy, ¦E b , which can be stated as: 20) 
in which c b is the grain boundary concentration of the solute, c 0 is the bulk concentration of the solute, k is Boltzmann's constant, and T is the annealing temperature. The grain boundary concentration is solute concentration in the monatomic layer of the grain boundary plane. It is noted that T is the annealing temperature, but not the measurement temperature, because of the condition of the equilibrium state. The grain boundary concentration as a function of the bulk concentration and temperature can be obtained by means of the grain boundary segregation energy, calculated based on the first principles. Figure 2 shows the grain boundary concentration of solute X (X = Mg, Na, Ca, K and Sr) as a function of the bulk concentration of solute X at 573 K. Figure 2 indicates the significant segregation of Sr and K if the bulk concentration of Sr and K is above ³1 ppm. Horikawa et al. reported the grain boundary segregation of Sr in Al5 at% Mg base alloys containing Sr of 10 ppm; Sr was detected on the intergranular fracture surface using AES. 2) This experimental study is consistent with the prediction based on the McLean's model shown in Fig. 2 . Horikawa et al. also reported the grain boundary segregation of Ca in Al5 at% Mg base alloys containing Ca of 10 ppm. 2) Additionally, Kobayashi et al. showed that the grain boundary segregation of Na occurs in an AlLi base alloy containing 59 ppm Na, using AES. 4) These experimental results of the grain boundary segregation of Ca and Na are not consistent with the prediction based on the McLean model; Fig. 2 indicates the significant segregation of Ca and Na occurring above ³100 ppm of bulk concentration of Ca and Na. This underestimation of the activity of grain boundary segregation in McLean's model may be caused by the low energy grain boundary of AE11ð1 " 13Þ½110. It has been known that grain boundary segregation cannot easily occur at low energy grain boundaries. 21) The AE11ð1 " 13Þ½110 grain boundary exhibits smaller grain boundary energy of 179 mJ/m 2 than the averaged grain boundary energy of 325 mJ/m 2 in aluminum.
22,23) Figure 3 shows the interlayer strain normal to the grain boundary plane as a function of the distance from the grain boundary plane for AE11ð1 " 13Þ½110 tilt grain boundary in pure Al. The interlayer strain is the relative strain of the interlayer spacing. The interlayer spacing of the nth atomic layer normal to the grain boundary plane, d n , is determined by d n = (l n+1 ¹ l n¹1 )/2, where l n+1 is the length between the (n + 1)th and nth atomic layers and l n¹1 is the length between the (n ¹ 1)th and nth atomic layers. The interlayer strain, ¾, is given as:
Volume size factor
where d 0 is the interlayer spacing of a middle layer of the grain, which is sufficiently distant from the grain boundary.
One can see an oscillatory strain profile that has a maximum positive value at the grain boundary plane where solute X atom is substituted and decays into the bulk. This positive large value of the interlayer strain indicates that the environment at the grain boundary plane is looser than that of the bulk. The positive value of the interlayer strain have been observed in other tilt grain boundaries in aluminum and indicates local volume expansion, which corresponds to the Fig. 2 The grain boundary concentration of solute X (X = Mg, Na, Ca, K and Sr) at AE11ð1 " 13Þ½110 boundary plane as a function of bulk concentration of solute X at 573 K in aluminum. Fig. 3 The interlayer strain normal to the grain boundary planes as a function of the distance from the grain boundary plane for AE11ð1 " 13Þ½110 tilt grain boundary in pure Al.
grain boundary excess free volume. 22) Solute atoms larger in size than Al would prefer the looser site at the grain boundary plane rather than in the bulk.
The effect of difference in size between the solvent and solute atoms in a solid solution is causing an increase in the elastic strain energy. The elastic strain energy associated with solute atoms can be estimated approximately based on a sphere-in-hole model developed by Eshelby and Friedel, which is based on the isotropic elasticity theory. 24, 25) Although both the solvent matrix and the solute atom undergo elastic distortion, the major part of the elastic strain energy is stored in the matrix and hence the elastic strain energy, ¦E els , is given as:
in which G is the shear modulus of the solvent matrix and ³ is the atomic volume of the solvent atom and ³ sf is the volume size factor. The elastic strain energy is given as a function of the volume size factor. The atomic volume of a solute atom in a solid solution differs from its volume in a pure state. Electronic interaction causes the atomic volumes to change in non-ideal way. The volume size factors for many metallic solid solutions have been determined and are given in tables published by King.
26)
These size factors were based on lattice parameter measurements of solid solutions as a function of solute concentration. Previously, the authors have been reported that the firstprinciples results of the size factors are in good agreements with experimental values for aluminum vacancy and magnesium solid solutions. 27, 28) The volume size factor, ³ sf , of solute X in AlX solid solution is defined as:
in which ³ Al is the atomic volume of solvent Al and ³ X is the effective atomic volume of solute X. The volumes of the supercells of pure Al and AlX solid solutions were calculated from the 27-atom supercells. So, eq. (5) can be rewritten as:
in which ³ 27Al is the volume of the pure Al supercell containing 27 Al atoms and ³ 1X+26Al is the volume of the solid solution supercell containing 26 Al atoms and one solute X atom. The volumes of the solid solution supercell containing 26 Al atoms and one X atom (X = Mg, Na, Ca, K and Sr) and the volume size factors are given in Table 2 . The volume size factors were derived from eq. (6) . The values of the volume size factors of Mg, Na, Ca, K and Sr are 31.4, 93.7, 118.0, 139.9 and 177.6% respectively. King reported that the value of the volume size factor of Mg in Al was 40.1%, 26) which was close to the theoretical value based on the first principles. These positive values for the volume size factors indicate the size of solute X atoms to be larger than that of the solvent Al atom. Figure 4 shows the relationship between the grain boundary segregation energy of solute X in aluminum AE11ð1 " 13Þ½110 tilt grain boundary and the volume size factors of AlX solid solutions (X = Mg, Na, Ca, K and Sr). The grain boundary segregation energy decreases with the increase of the volume size factor; a solute atom larger in size is preferable for grain boundary segregation. Therefore it can be explained that solute atoms larger in size than Al, which store the larger elastic strain energy in the bulk, prefer the looser site at the grain boundary plane rather than in the bulk to release the elastic strain energy.
Grain boundary cohesion
The effects of solute segregation on the grain boundary cohesion in aluminum were investigated based on the Rice and Wang thermodynamics theory. 13) The grain boundary cohesive energy of a segregated grain boundary, 2£, which is the Griffith work of a brittle boundary separation, plays a key role in the grain boundary embrittlement. 13, 29, 30) According to the fracture mechanics based on GriffithOrowanIrwin approach, 3133) the growth condition of a nucleated microcrack along the grain boundary is as follows:
where a c is a half size of the microcrack, E is the Young's modulus,¯is the Poisson's ratio, ·* is the critical local stress for the grain boundary fracture, and £ p is the work of plastic deformation, which is often much larger than 2£. It is pointed out by Jokl et al. that £ p is monotonically increasing as Fig. 4 The grain boundary segregation energy of solute X in aluminum AE11ð1 " 13Þ½110 tilt grain boundary as a function of the volume size factors in AlX solid solutions (X = Mg, Na, Ca, K and Sr). The solid line is a guide to the eye. a function of 2£ due to the concomitant processes of dislocations activities and bond breaking near and at the tip of an extending microcrack. 34) This indicates that the crack growth condition given by eq. (7) can be controlled by 2£. 29) The decrease of 2£ causes the large decrease of £ p . Then the decrease of £ p results in the decrease of ·*.
The Rice and Wang thermodynamics theory suggests that the potency of an impurity in reducing the grain boundary cohesive energy is a linear function of the difference between the grain boundary segregation energy and the surface segregation energy. 13) According to the segregation thermodynamics, a model for analyzing the grain boundary cohesive energy of a segregated grain boundary was made by Hirth and Rice.
35) Rice and Wang re-expressed the equation made by Hirth and Rice, and concluded that the grain boundary cohesive energy depends on the difference between Gibbs free energy of the grain boundary and the free surface. 13) Within the dilute solute concentration limits, this relation was re-expressed by Rice and Wang as:
where 2£ 0 is the grain boundary cohesive energy of a clean grain boundary, ¦E b is the grain boundary segregation energy, ¦E s is the surface segregation energy, and ¥ is a level of grain boundary segregation presented in a unit of mol/m 2 . If solute atoms are segregated at the grain boundary plane, the embrittlement potency is determined by ¦E b ¹ ¦E s . In the case of ¦E b ¹ ¦E s < 0, the solute atoms decrease the Gibbs free energy of grain boundary compared with the Gibbs free energy of a free surface. Hence, the brittle tendency of grain boundary fracture would be reduced. But the positive difference, ¦E b ¹ ¦E s > 0, means a decrease in the Gibbs free energy of a free surface compared with the Gibbs free energy of a grain boundary and thus would reduce the grain boundary cohesion.
The surface segregation energy can be defined as the difference in total energy between the supercell with one solute X atom being substituted in the free surface and the supercell with one solute X atom in the bulk solid solution. The surface segregation energy, ¦E s , was obtained by:
in which division by 2 accounts for the number of solute X atoms in the supercell. The surface segregation energies of the Mg, Na, Ca, K and Sr atoms are shown in Table 1 . The embrittlement potency, ¦E b ¹ ¦E s , is also listed in Table 1 . The values of ¦E b ¹ ¦E s are 13, 155, 77, 268 and 164 kJ/mol for Mg, Na, Ca, K and Sr respectively. All values of ¦E b ¹ ¦E s were positive. This means that the Mg, Na, Ca, K and Sr atoms serve as embrittlers in the grain boundary, proportional to the corresponding value of ¦E b ¹ ¦E s . Horikawa et al. reported that additional 2 ppm Na, Ca and Sr caused the high temperature embrittlement based on intergranular fracture in Al5 at% Mg alloys in comparison with the transgranular fracture in the based alloy. Horikawa et al. concluded that the embrittlement effect of Na, Ca and Sr is due to their grain boundary segregation. 2) Our first-principles results supported this conclusion: the high temperature embrittlement is caused by the grain boundary segregation of Na, Ca and Sr. Figure 6 indicates that for Mg, Na, Ca, K and Sr segregation the charge density around the segregated solute atoms is much lower than that around Al 0 in a clean grain boundary. The bond between solute atom and Al 1 (solute atom and Al 2) is weaker than that between Al 0 and Al 1 (Al 0 and Al 2) in the clean boundary. The difference in valence electrons is the main reason for causing the decrease of charge density around solute atoms; Al has three valence electrons (N V = 3), while Na and K have one valence electron, and Mg, Ca and Sr have two.
One can see that the bond between Al 1 and Al 2 in the solute segregated boundary is weaker than that between Al 1 and Al 2 in the clean boundary. This weak bond between Al 1 and Al 2 is significant in the grain boundary with the segregation of K and Sr. Figure 7 shows the distances between Al 1 and Al 2 in pure aluminum grain boundary and grain boundary with Mg, Na, Ca, K and Sr segregation as a function of the volume size factors. The distance between Al 1 and Al 2 increases with the increase of the volume size factor of segregated solute atoms. Hence, segregation of lager solute atoms causes the boundary to expand and the distance between Al 1 and Al 2 to increase. This increase of distance The segregation of Mg, Na, Ca, K and Sr atoms causes the grain boundary to expand because of the lager atomic size of these solute atoms than Al. Then the local expansion of the grain boundary results in both weak soluteAl bonds and weak AlAl bonds at the grain boundary. Additionally, fewer valence electrons of Mg, Na, Ca, K and Sr also cause the weak soluteAl bonds. These weaker metallic bonds, which are caused by the lager atomic size and fewer valence electrons of Mg, Na, Ca, K and Sr than Al, are consistent with the dependence of the embrittlement potency on the volume size factor and valence electrons: the embrittlement potency increases with the increase of the volume size factor and the decrease of valence electrons of segregated solute atoms.
Conclusions
The authors investigated the grain boundary segregation energies of Mg, Na, Ca, K and Sr at symmetric tilt AE11ð1 "
13Þ½110 grain boundary in aluminum using the firstprinciples calculation. The results were as follows.
(1) The grain boundary segregation energies at symmetric tilt AE11ð1 " 13Þ½110 grain boundary in aluminum are ¹6, ¹32, ¹35, ¹62 and ¹66 kJ/mol for Mg, Na, Ca, K and Sr respectively. (2) The grain boundary segregation energy decreases with the increase in volume size factor; a solute atom larger in size is preferable for the grain boundary segregation. Therefore, it can be explained that the solute atom larger in size than Al, which stores the larger elastic strain energy in the bulk, prefers the looser site at the grain boundary plane rather than in the bulk, to release the elastic strain energy. (3) On the basis of the RiceWang model, the effect of grain boundary segregation was studied on the grain boundary embrittlement in aluminum. The embrittlement potency is positive for all solute atoms. This means that each of Mg, Na, Ca, K and Sr atoms serves as an embrittler in the grain boundary, proportional to the corresponding value of the embrittlement potency. The embrittlement potency increases with the increase of the volume size factor and the decrease of valence electrons of segregated solute atoms. (4) The charge density distribution of the grain boundary demonstrates that the Mg, Na, Ca, K and Sr atoms form weak soluteAl bonds and weak AlAl bonds in the grain boundary region. The weaker metallic bonds are caused by the lager atomic size and fewer valence electrons of Mg, Na, Ca, K and Sr than Al. This is consistent with the dependence of the embrittlement potency on the volume size factor and valence electrons. 
